Introduction {#s1}
============

Normal rodent diets contain on average 5--7 g methionine and 3--4 g cysteine per kg of diet. However, a series of recent studies has shown that eliminating cysteine and limiting dietary methionine to 1.7 g/kg produces a highly beneficial metabolic phenotype and increased longevity ([@B1]--[@B6]). The metabolic responses include reduced adiposity, reduced circulating and tissue lipid levels, increased plasma adiponectin and fibroblast growth factor 21 (FGF-21), and reduced fasting insulin and blood glucose ([@B7]--[@B10]). Reduced accumulation of adipose tissue occurs despite a hyperphagic response to the methionine-restricted (MR) diet, owing to a commensurate increase in energy expenditure that fully compensates for the increase in energy intake ([@B6],[@B7]). The reduction in adiposity is accompanied by a change in endocrine function of adipose tissue, with increased adiponectin release and a reduction in leptin expression that is disproportionate to the reduction in adiposity ([@B5],[@B7],[@B9],[@B11]). Dietary MR also increases hepatic expression and release of FGF-21 ([@B5],[@B12]), an insulin-sensitizing hormone that promotes browning of white adipose tissue (WAT) and increases peripheral glucose uptake and utilization ([@B13],[@B14]). In addition, FGF-21 increases adiponectin secretion from WAT ([@B15]), illustrating how the primary effects of MR in liver may have tertiary sites of action through targeted effects on endocrine function of adipose tissue.

Although specific components of the overall response to MR are initiated within hours of introduction of the diet, the full response only becomes evident over the following weeks as the cumulative effects of MR on energy balance, lipid metabolism, and endocrine function are translated into the full metabolic phenotype ([@B16]). As such, understanding the mechanistic basis for the overall phenotype involves understanding the interrelationships among the component responses to the diet and determining their interdependence. A critical unresolved question is how the reduction in dietary methionine is sensed and how the sensing is communicated to target sites. The specific focus of the present work is to assess the tissue-specific effects of dietary MR on insulin sensitivity and attempt to determine the basis for the previously observed improvements in glucose tolerance ([@B11]) and metabolic flexibility ([@B7]) produced by the diet. Using hyperinsulinemic-euglycemic clamps, ex vivo analysis of tissues from MR mice, and a novel in vitro model of MR, we show that dietary MR produces a significant overall increase in insulin sensitivity through a combination of direct effects on hepatic insulin signaling and indirect effects in other peripheral tissues, such as adipose tissue, by increasing hepatic expression and release of FGF-21.

Research Design and Methods {#s2}
===========================

Animals and Diets {#s3}
-----------------

Experiments conducted at the Pennington Biomedical Research Center and at Vanderbilt University were approved by the respective Institutional Animal Care and Use Committees. All experiments used male C57BL/6J mice obtained from The Jackson Laboratory (Bar Harbor, ME) at 5 weeks of age. Upon arrival, mice were adapted to the control diet for 7 days and then randomly assigned to receive the control or MR diet for 8 weeks thereafter. The feeding paradigm and diets were as described previously ([@B6]), with the control diet containing 0.86% methionine and the MR diet containing 0.17% methionine. Diets and water were provided ad libitum, room temperature was 22--23°C, and lights were on from 7 [a.m.]{.smallcaps} to 7 [p.m]{.smallcaps}.

Experiment 1: Hyperinsulinemic-Euglycemic Clamps {#s4}
------------------------------------------------

One week before hyperinsulinemic-euglycemic clamps, catheters were surgically placed in the carotid artery and jugular vein for sampling and infusions, respectively. Mice were fasted for 5 h before the hyperinsulinemic-euglycemic clamp procedure, which was performed as described previously ([@B17],[@B18]). Erythrocytes were replaced to prevent a decline in hematocrit that occurs with repeated blood sampling. A primed (1.5 μCi) continuous (0.075 μCi/min) \[3-^3^H\]glucose infusion was started at −20 min. The clamp was initiated at 0 min with a continuous insulin infusion (2.5 mU/kg/min) that was maintained for 145 min. Arterial glucose was measured at 10-min intervals to provide feedback to adjust the glucose infusion rate (GIR) containing \[3-^3^H\]glucose as needed to clamp glucose concentration and specific activity. \[3-^3^H\]glucose kinetics were determined at −10 min and at 10-min intervals between 80 and 120 min because insulin action is in a steady state by this interval. Plasma insulin was measured at −10, 100, and 120 min during the procedure. A 13 µCi intravenous bolus of \[^14^C\]2-deoxyglucose (\[^14^C\]2-DG) was administered at 120 min and used to determine the glucose metabolic index (R~g~), an indication of tissue-specific glucose uptake. Blood samples were collected at 2, 5, 10, and 25 min after injection to measure the disappearance of \[^14^C\]2-DG from the plasma. Tissues were collected to assess tissue-specific R~g~. Whole-body glucose appearance (R~a~) and endogenous glucose production (endo R~a~), a measure of hepatic glucose production, were calculated as previously described ([@B17],[@B18]). The reader is referred to the detailed step-by-step procedure manual that is publicly accessible and maintained by the Vanderbilt Mouse Metabolic Phenotyping Center for a full description of the procedure and associated calculations ([www.mc.vanderbilt.edu/documents/mmpc/files/2012%20Lab%20Manual(1).pdf](www.mc.vanderbilt.edu/documents/mmpc/files/2012%20Lab%20Manual(1).pdf)).

Experiment 2 {#s5}
------------

Two cohorts of mice fed the respective diets for 8 weeks were studied to examine growth responses and acute in vivo signaling responses to insulin. Body weight, composition, energy intake, and energy expenditure were measured in cohort 1, as previously described ([@B6],[@B7]). Mice in cohort 2 were fasted for 4 h before receiving intraperitoneal injections of saline or insulin (0.8 units/kg body weight). Tissues (liver, muscle, and brown adipose tissue \[BAT\]) were harvested from the injected animals in each dietary group after 12 min and snap frozen. Whole-cell extracts were prepared from each tissue to measure insulin-dependent phosphorylation of Akt or insulin receptor (IR) by immunoblotting. Phosphatidylinositol(3-5)-trisphosphate (PIP3) concentrations and phosphatidylinositide 3-kinase (PI3K) activity were determined using the PIP3 Mass and PI3K Activity ELISA kits (Echelon Biosciences Inc., Salt Lake City, UT). PIP3 was extracted from 100 mg frozen pulverized livers from mice fed their respective diets. Samples were run in triplicate, and data were normalized to tissue weight. PI3K was immunoprecipitated from 1 mg liver lysates using an IR substrate-1 (IRS1) antibody before assay.

To examine effects of MR on basal and insulin-dependent glucose uptake in adipose tissue, adipocytes were isolated from epididymal WAT (EWAT) and interscapular BAT depots of mice from cohort 1 in experiment 2 after 8 weeks of the control or MR diet, and \[^3^H\]-labeled 2-DG uptake was measured as previously described ([@B19]). In brief, isolated adipocytes were kept in glucose-free Krebs-Ringer-phosphate buffer (10 mmol/L Hepes, 125 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L KH~2~PO~4~, 1.25 mmol/L CaCl~2~, 1.25 mmol/L MgSO~4~, 2.5 mmol/L pyruvate, and 1% BSA) during the isolation and for 1 h before insulin addition. Then, adipocytes were treated with insulin for 15 min, followed by the addition of 0.1 mmol/L radiolabeled 2-DG (2 µCi/mL). As a control, duplicate aliquots of cells were treated with 50 µmol/L cytochalasin (Sigma-Aldrich, St. Louis, MO). Uptake was calculated using the ratio of counts per min (cpms) in cells per cpms added, with cpms measured in cytochalasin-treated cells subtracted from values measured in insulin treated cells. Aliquots of cells were dried on filter paper and weighed. Final uptake was normalized to dry cell weight.

Experiment 3 {#s6}
------------

To assess the direct effects of MR on enhancement of insulin signaling in liver, an in vitro model was developed using custom media to allow incubation of HepG2 cells with different concentrations of methionine. HepG2 cells were cultured in DMEM supplemented with 10% FBS, [l]{.smallcaps}-glutamine, and penicillin/streptomycin (Invitrogen, Grand Island, NY). For MR, cells were washed with PBS and normal or methionine-restricted DMEM without FBS but with [l]{.smallcaps}-glutamine, and penicillin/streptomycin was added. Normal DMEM contains 0.2 mmol/L methionine and [l]{.smallcaps}-cystine, whereas the MR medium contains only 0.01 mmol/L of each. After 18 h, the cells were incubated with increments of insulin, followed by measurement of Akt activation. To assess for potential direct effects of MR on adipocytes and muscle cells, 3T3-L1 adipocytes and C2C12 myotubes were incubated overnight with media containing various amounts of methionine, followed by incubation with vehicle or insulin and measurement of Akt activation. In some experiments, 3T3-L1 adipocytes were preincubated with 10 nmol/L FGF-21 for 5 min before measurement of Akt and Erk1/2 activation, or with 100 nmol/L FGF-21 for 24 h for 2-DG uptake experiments. The relative instability and short half-life of FGF-21 necessitated the use of higher concentrations in overnight incubations. The BIOXYTECH GSH/GSSG-412 Assay kit (Oxis Research, Portland, OR) was used to determine glutathione (GSH)/glutathione disulfide (GSSG) in HepG2 cells, following the manufacturer's protocol.

Experiment 4 {#s7}
------------

To assess the time-dependent increase in hepatic expression of FGF-21 mRNA after exposure to dietary MR, livers were harvested from mice after 12 h, 8 days, 2 weeks, and 4 weeks after the initial introduction of dietary MR. The study involved eight mice per diet per time point.

Quantitative Real-Time PCR Analysis {#s8}
-----------------------------------

Expression of FGF-21 mRNA was measured in individual tissue samples from each animal by quantitative real-time PCR, as described previously ([@B20]).

Measurement of IR, Akt, and Erk1/2 Activation {#s9}
---------------------------------------------

Phosphorylation of IR, Akt, and Erk1/2 in tissues and cultured cells was measured by Western blot. Pulverized tissues and cultured cells were lysed in 10 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% Triton X-100, 0.5% NP40, protease, and phosphatase inhibitor mixes (Pierce, Thermo Fisher Scientific Inc., Rockford, IL), aspirated three times with a 20-gauge needle, and centrifuged at 10,000*g* for 10 min. Total protein in the extracts was measured using the Lowry method, SDS-PAGE was performed, and proteins were transferred to polyvinylidene fluoride membranes. Blots were probed with anti--phospho-IR, anti--phospho-Akt, and anti--phospho-Erk1/2 and stripped and then probed with anti-IR (total), anti-Akt (total), and anti-ERK (total). Intensity of the visualized bands was quantitated by scanning densitometry using ImageJ software.

Antibodies and Chemicals {#s10}
------------------------

Antibodies to phospho-Akt (Ser473), phospho-IR (Tyr1162/1163), phosphatase and tensin homolog (PTEN), and total Akt were from Millipore (Temecula, CA), to phospho-Erk1/2 (Thr202/Tyr204) and Erk1/2 from Cell Signaling Technologies (Danvers, MA), and to IRβ and IRS1 from Santa Cruz Biotechnology (Santa Cruz, CA). Radiolabeled \[1,2-3^H^\]--2-DG was obtained from American Radiolabeled Chemicals Inc. (St. Louis, MO). Cytochalasin and other chemicals were from Sigma-Aldrich. FGF-21 in serum was measured using an ELISA (R&D Systems, Minneapolis, MN). FGF-21 for cell culture studies was from BioVision (Milpitas, CA).

Data Analysis {#s11}
-------------

Diet-induced differences in GIR, endo R~a~, and tissue-specific R~g~ in experiment 1, and insulin-dependent IR phosphorylation, Akt phosphorylation, Erk phosphorylation, and 2-DG uptake in experiments 3 and 4 were tested using a two-tailed Student *t* test, with protection set against type I errors at 5%. Differences between basal and insulin-dependent IR phosphorylation, Akt phosphorylation, PI3K activity, and PIP3 concentrations in control and MR mice in experiment 2 were compared using a two-way ANOVA, with diet and injection treatment as main effects. The diet × injection interaction was tested using residual variance (animal within diet × injection) as the error term, followed by post hoc testing for specific differences using the Bonferroni correction.

Results {#s12}
=======

Hyperinsulinemic-Euglycemic Clamps {#s13}
----------------------------------

To assess the overall and tissue-specific effects of dietary MR on insulin sensitivity, hyperinsulinemic-euglycemic clamps were used after mice ate the control or MR diets for 8 weeks. Before initiating the infusion of insulin to begin the hyperinsulinemic-euglycemic clamp (−10 min), fasting glucose was similar between the groups (control, 113 ± 3 mg/dL; MR, 103 ± 6 mg/dL) whereas insulin was significantly lower in the MR group (1.11 ± 0.3 ng/mL) compared with the control group (2.46 ± 0.5 ng/mL). After initiation of insulin infusion at time 0, blood glucose fell initially in the MR group until compensatory increases in GIR reestablished euglycemia and maintained steady-state glucose levels during the final hour of the hyperinsulinemic-euglycemic clamp ([Fig. 1*A*](#F1){ref-type="fig"}). Blood glucose was stable the entire time in the control group, with the GIR needed to establish steady state reached in the first 20 min of the clamp ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). The steady-state GIR required to maintain euglycemia in the MR group was 3.1-fold higher than the GIR in the control mice ([Fig. 1*B*](#F1){ref-type="fig"}). Whole-body and liver glucose metabolism was assessed using \[3-^3^H\]glucose infusion to calculate basal endo R~a~ and compare insulin-dependent suppression of endo R~a~ during the hyperinsulinemic-euglycemic clamp. Despite the difference in fasting insulin, basal endo R~a~ was comparable between the groups, whereas suppression of hepatic glucose production by insulin was significantly greater in MR mice than in controls ([Fig. 1*C*](#F1){ref-type="fig"}). The R~g~ provides a direct measure of insulin sensitivity in each tissue, and it showed that MR produced a two- to threefold increase in uptake of \[^14^C\]2-DG in diaphragm, heart, gastrocnemius muscle, soleus muscle, vastus muscle, and WAT ([Fig. 1*D* and *E*](#F1){ref-type="fig"}). Compared with control mice, the enhanced ability of insulin to suppress hepatic glucose production and stimulate glucose uptake in peripheral tissues of MR mice was fully consistent with the observed increase in GIR that was needed to establish and maintain euglycemia during the hyperinsulinemic-euglycemic clamp in this group.

![Hyperinsulinemic-euglycemic clamps in C57BL/6J mice after 8 weeks of dietary MR. The clamp procedures were conducted as described in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}, and the clamp procedure was initiated at 0 min with a continuous insulin infusion (2.5 mU/kg/min) that was maintained for 140 min. Glucose was infused at a rate sufficient to maintain euglycemia until a steady-state GIR was reached. *A*: Blood glucose levels during the clamp procedure. *B*: The GIR required to maintain euglycemia during the insulin clamps. BW, body weight. *C*: Basal endo R~a~ and its suppression by insulin during the clamp procedure. *D* and *E*: R~g~, an indication of tissue-specific insulin-dependent glucose uptake. Means ± SEM are presented for each variable and based on *n* = 8 for control diet and *n* = 9 for dietary MR. \*Means differ from their corresponding controls at *P* \< 0.05.](3721fig1){#F1}

Insulin-Dependent Akt Activation {#s14}
--------------------------------

To test for enhanced signaling efficacy as a component of enhanced insulin sensitivity, acute insulin-dependent activation of Akt was measured in liver, BAT, and skeletal muscle of mice after 8 weeks of the respective diets.

An insulin dose (0.8 units/kg body weight) was used that produced only a modest, insignificant increase in phosphorylation of hepatic Akt in control mice ([Fig. 2*A*](#F2){ref-type="fig"}). In contrast, the same dose of insulin produced a threefold increase in phosphorylation of hepatic Akt in the MR group. Phosphorylation of the IR ([Fig. 2*B*](#F2){ref-type="fig"}) and IRS1-bound PI3K activity ([Fig. 2*C*](#F2){ref-type="fig"}) did not differ between the groups, but basal and insulin-dependent increases in PIP3 were both greater in the MR group ([Fig. 2*D*](#F2){ref-type="fig"}), indicating that amplification of insulin signaling in the MR group was downstream of IR autophosphorylation and PI3K activation. Insulin-dependent Akt phosphorylation was also enhanced by MR in muscle ([Fig. 2*E*](#F2){ref-type="fig"}) and BAT ([Fig. 2*F*](#F2){ref-type="fig"}), showing a comparable increase of insulin-signaling efficacy in liver, muscle, and BAT. In the second cohort of mice in experiment 2, dietary MR reduced body weight by 28%, adiposity by 53%, EWAT weight by 210%, and liver weight by 25%, while increasing lean body mass by 11%, energy intake by 26%, and total energy expenditure by 25% ([Table 1](#T1){ref-type="table"}).

![Short-term signaling responses in liver, muscle, and BAT after an acute injection of insulin in mice after 8 weeks of dietary MR. Mice fed the control or MR diets received intraperitoneal injections of saline (vehicle) or insulin (0.8 units/kg body weight) at time 0. Tissues were harvested after 12 min from the animals in each dietary group and snap frozen. Insulin-dependent phosphorylation (p) of Akt (*A*), IR (*B*), activity of IRS1-bound PI3K (*C*), and increases in PIP3 in liver (*D*). Insulin-dependent phosphorylation of Akt in gastrocnemius muscle (*E*) and BAT (*F*). Total Akt (*A*, *E*, and *F*) was measured as a loading control, and scanning densitometry was used to quantitate expression levels for each protein. Phosphorylated forms of each protein are expressed relative to the total. Means ± SEM are presented for each variable and based on *n* = 6 for control diet and *n*= 8 for MR. Means denoted with a different letter (a, b, c, d) differ at *P* \< 0.05.](3721fig2){#F2}

###### 

Changes in body weight, adiposity, liver weight, energy intake, and energy expenditure in C57BL/6J mice after 8 weeks of dietary MR

                                                                     Control diet     MR diet
  ------------------------------------------------------------------ ---------------- ----------------
  Body weight (g)[^1^](#t1n2){ref-type="table-fn"}                   30.4 ± 1.5^a^    23.8 ± 0.75^b^
  \% Fat (\[g fat/g BW\] × 100)[^1^](#t1n2){ref-type="table-fn"}     23.6 ± 1.96^a^   15.4 ± 0.57^b^
  \% Lean (\[g lean/g BW\] × 100)[^1^](#t1n2){ref-type="table-fn"}   62.7 ± 1.81^a^   69.4 ± 0.42^b^
  EWAT (g)[^1^](#t1n2){ref-type="table-fn"}                          1.26 ± 0.18^a^   0.60 ± 0.05^b^
  Liver weight (g)[^1^](#t1n2){ref-type="table-fn"}                  0.99 ± 0.06^a^   0.79 ± 0.05^b^
  Energy                                                                              
   Intake (kJ/day/g BW)                                              2.19 ± 0.05^a^   2.77 ± 0.04^b^
   Expenditure (kJ/mouse/h)[^2^](#t1n3){ref-type="table-fn"}         1.89 ± 0.02^a^   2.37 ± 0.02

BW, body weight.

Means ± SEM from 8 mice per group were compared using *t*tests.

^a,b^Means differ at *P* \< 0.05.

^1^BW, body composition, EWAT, and liver weight were measured after 8 weeks of dietary MR. Body composition was measured by nuclear magnetic resonance, and the % fat and % lean were expressed as a percentage of BW. EWAT and liver weights were measured after euthanasia, and energy intake was the average daily consumption during the course of the study.

^2^Energy expenditure was measured in a TSE Systems Indirect Calorimetry at the end of the study. All mice were acclimated to chambers for 24 h, followed by continuous recording of O~2~ consumption, CO~2~ production, energy intake, and activity for 3 days at 40-min intervals. BW and composition were measured before mice entered the chambers and immediately upon exit. The energy expenditure for each mouse at each 40-min interval was calculated as previously described ([@B7]). Diet-induced differences in energy expenditure (kJ/mouse/h) were tested using ANCOVA, calculating least squares means that accounted for variation in the energy expenditure attributable to differences in lean mass, fat mass, activity, and energy intake among the mice. The least square means ± SEM for each diet were compared using *t* tests.

To examine MR effects on insulin signaling in adipose tissue and test for diet-induced changes in linkage to physiological responses, white and brown adipocytes were isolated and incubated with increments of insulin. [Figure 3*A*](#F3){ref-type="fig"} shows that insulin-dependent phosphorylation of Akt was significantly higher in white adipocytes from MR mice compared with controls at 1 and 10 nmol/L insulin. Interestingly, basal \[^3^H\]-2-DG uptake was higher in white adipocytes from MR compared with control mice, and insulin-dependent \[^3^H\]-2-DG uptake was also higher in the MR adipocytes at all tested insulin concentrations ([Fig. 3*B*](#F3){ref-type="fig"}). A similar conclusion was reached in isolated brown adipocytes, where basal and insulin-stimulated \[^3^H\]-2-DG uptake were both higher in cells isolated from MR compared with control mice ([Fig. 3*C*](#F3){ref-type="fig"}). These findings are consistent with the clamp data showing a higher R~g~ for \[^3^H\]-2-DG in adipose tissue ([Fig. 1*E*](#F1){ref-type="fig"}) and extend the findings to include BAT.

![Effect of dietary MR on ex vivo insulin signaling and insulin-stimulated glucose uptake in isolated white and brown adipocytes. Epididymal white adipocytes or brown adipocytes were isolated after 8 weeks of dietary MR and incubated with increments of insulin for 5 min (Akt) or 15 min (\[^3^H\]-2-DG) before measurement of Akt phosphorylation (*A*) and \[^3^H\]-2-DG uptake (*B*) in white adipocytes or \[^3^H\]-2-DG uptake in brown adipocytes (*C*) as described in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}. Scanning densitometry was used to quantitate expression levels for each protein. Means ± SEM are representative of three independent experiments. \*Mean responses at each insulin concentration differ from their corresponding controls at *P* \< 0.05.](3721fig3){#F3}

In Vitro Model of Dietary MR {#s15}
----------------------------

To explore cellular mechanisms for the MR-dependent increase in insulin sensitivity among tissues, custom media were used that permitted precise control of media methionine concentrations in cultured HepG2 cells, C2C12 myotubes, and 3T3-L1 adipocytes. Incremental limitation of media methionine and cysteine in HepG2 cells produced a concentration-dependent enhancement of insulin-dependent Akt phosphorylation, with maximal amplification occurring at 0.01 mmol/L methionine, which translates to a 95% restriction ([Fig. 4*A*](#F4){ref-type="fig"}). The time course of insulin-dependent Akt phosphorylation was not altered by limiting media methionine, but at all points between 2 and 30 min, the activation of Akt was significantly higher in methionine-restricted HepG2 cells ([Fig. 4*B*](#F4){ref-type="fig"}). Limiting media methionine also enhanced the potency of insulin to activate Akt in HepG2 cells ([Fig. 4*C*](#F4){ref-type="fig"}), similar to what was seen in the livers from MR mice ([Fig. 2*A*](#F2){ref-type="fig"}). The increase in potency of insulin to activate Akt occurred without a change in autophosphorylation of the IR ([Fig. 4*D*](#F4){ref-type="fig"}), indicating that the amplification of insulin signaling was downstream of the IR. In contrast to HepG2 cells, limitation of media methionine in C2C12 myotubes ([Fig. 4*E*](#F4){ref-type="fig"}) or 3T3-L1 adipocytes ([Fig. 4*F*](#F4){ref-type="fig"}) had no discernible effect on insulin-dependent Akt activation in either cell line. These findings establish that the insulin-sensitization response of liver cells to methionine restriction is direct and autonomous. In contrast, the results suggest that insulin sensitization by MR in muscle and adipose tissue may be indirect and not strictly dependent on limitation of methionine or cysteine to the cell. Alternatively, the failure of C2C12 myotubes and 3T3-L1 adipocytes to respond to low media methionine may be a reflection of the low capacity of muscle and adipose tissue to synthesize GSH from methionine or cysteine relative to liver ([@B21]). Therefore, caution is warranted in interpreting these findings.

![Insulin-dependent phosphorylation (p) of Akt or IR in cultured HepG2 cells (*A*--*D*), C2C12 cells (*E*), and 3T3-L1 adipocytes (*F*) after incubation in media containing normal concentrations or increments of MR as described in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}. *A*: HepG2 cells were incubated for 18 h with the indicated concentrations of methionine and cysteine, followed by incubation with 10 nmol/L insulin for 5 min and measurement of Akt phosphorylation by Western blotting. *B*: Time-dependent phosphorylation of Akt in HepG2 cells in response to 10 nmol/L insulin after 18 h of incubation of cells with control levels (0.2 mmol/L) or restricted levels (0.01 mmol/L) of methionine and cysteine. Insulin concentration-dependent Akt phosphorylation (*C*) or IR phosphorylation (*D*) in HepG2 cells after culturing for 18 h in control (0.2 mmol/L) or restricted levels (0.01 mmol/L) of methionine and cysteine. Insulin-dependent Akt phosphorylation in C2C12 myotubes (*E*) or 3T3-L1 adipocytes (*F*) after 18 h of incubation in indicated concentrations of methionine and cysteine. Phosphorylated Akt or IR was expressed relative to total Akt or total IR. Means ± SEM are representative of three independent experiments. \*Mean responses at each insulin concentration differ from their corresponding controls at *P* \< 0.05.](3721fig4){#F4}

Role of Hepatic GSH and PTEN in Insulin Signal Amplification {#s16}
------------------------------------------------------------

GSH is an essential cofactor of GSH peroxidases, which play a key role in regulating insulin-signaling intensity by regulating the activation state of protein tyrosine phosphatases such as PTEN ([@B22]--[@B27]). Because dietary MR produces a significant decrease in hepatic GSH ([@B28],[@B29]), we tested whether in vitro MR would produce a similar decrease in cell GSH and amplify insulin signaling to Akt by limiting PTEN reactivation after treatment with H~2~O~2~. [Figure 5*A*](#F5){ref-type="fig"} shows that an overnight incubation of HepG2 cells with 0.01 mmol/L methionine produced a threefold decrease in cellular GSH and a fourfold decrease in GSSG relative to control cells. In addition, a 5-min incubation of HepG2 cells with increasing concentrations of H~2~O~2~ produced a concentration-dependent increase in the ratio of oxidized (inactive) to reduced (active) PTEN in both groups, but the conversion to inactive PTEN was significantly greater in HepG2 cells that had been MR overnight ([Fig. 5*B*](#F5){ref-type="fig"}). More importantly, the inactivation of PTEN produced by the addition of H~2~O~2~ resulted in far greater amplification of Akt phosphorylation by insulin in the MR cells compared with control cells ([Fig. 5*C*](#F5){ref-type="fig"}). As before, the enhancement of insulin-dependent Akt activation was evident without addition of H~2~O~2~ in MR cells, but [Fig. 5*C*](#F5){ref-type="fig"} shows that addition of 50 and 200 μmol/L H~2~O~2~ further enhanced amplification of insulin signaling in these cells. Because MR does not amplify IR autophosphorylation ([Fig. 4*D*](#F4){ref-type="fig"}), we tested for downstream amplification and found that insulin-dependent PIP3 levels were fourfold higher in cells incubated overnight with low methionine ([Fig. 5*D*](#F5){ref-type="fig"}). These findings suggest that the reduction in glutathione produced by MR in HepG2 cells limits the capacity of the cells to reactivate oxidized PTEN, resulting in amplification of insulin activation of Akt by increasing PIP3.

![Lowering of reduced GSH and oxidized GSSG levels and amplification of insulin-dependent phosphorylation of Akt by oxidation of PTEN with H~2~O~2~ in HepG2 cells cultured for 18 h in control (0.2 mmol/L) or restricted levels (0.01 mmol/L) of methionine (Met) and cysteine. *A*: After 18 h of incubation under these conditions, GSH and GSSG levels were measured in whole-cell extracts of HepG2 cells. Additional HepG2 cells were incubated for 5 min with 0, 50, or 200 μmol/L H~2~O~2~ in the absence and presence of 10 nmol/L insulin. *B*: The ratio of oxidized (Ox) to reduced (Red) PTEN was visualized by Western blotting, and a representative blot of three experiments is shown. Oxidized and reduced PTEN were quantitated by densitometry and expressed as a ratio. *C*: The effect of increments of H~2~O~2~ on insulin-dependent phosphorylation of Akt. Phosphorylated (p)Akt was expressed relative to total Akt. *D*: HepG2 cells were incubated for 18 h in control (0.2 mmol/L) or restricted levels (0.01 mmol/L) of methionine and cysteine, followed by incubation with 10 nmol/L insulin for 5 min and harvest of cells for measurement of PIP3. Means are from four replicates in two experiments. \*Means ± SEM differ from their corresponding controls at *P* \< 0.05.](3721fig5){#F5}

Effects of MR on Hepatic Expression and Release of FGF-21 {#s17}
---------------------------------------------------------

To test the hypothesis that dietary MR enhances insulin sensitivity in adipose tissue through an indirect mechanism involving the insulin sensitizer, FGF-21, hepatic expression and release of the hormone were evaluated after 8 weeks of MR. [Figure 6*A*](#F6){ref-type="fig"} shows that MR produced a threefold increase in FGF-21 mRNA that was mirrored by a fourfold increase in serum FGF-21. To examine whether increased transcription of hepatic FGF-21 is increased only after chronic exposure to MR, FGF-21 mRNA and plasma FGF-21 were measured in mice after consumption of the diet for different times. [Figure 6*B*](#F6){ref-type="fig"} shows that MR increased plasma FGF-21 and hepatic FGF-21 mRNA by 10-fold within the first 12 h of exposure to the diet. Moreover, similar increases were maintained after 1, 2, and 4 weeks' consumption of the diet ([Fig. 6*B*](#F6){ref-type="fig"}).

![The effect dietary MR on hepatic expression and plasma levels of FGF-21 after 8 wks (*A*), the time-dependent change in hepatic expression of FGF-21 mRNA and plasma FGF-21 after initial exposure to MR (*B*), and the in vitro effect of FGF-21 on insulin-dependent phosphorylation (p) of Erk1/2 (*C*), Akt (*D*), and glucose uptake in 3T3-L1 adipocytes (*E*). *A*: Plasma FGF-21 levels and hepatic FGF-21 mRNA levels in mice after 8 weeks of dietary MR. Means ± SEM are representative of eight mice per group. \*Means differ from their respective controls at *P* \< 0.05. *B*: Time-dependent changes in hepatic FGF-21 mRNA and plasma levels in mice after initial introduction of MR. Means ± SEM are representative of eight animals per diet per time point. \*Means differ from their corresponding control at that time point at *P* \< 0.05. *C* and *D*: Differentiated 3T3-L1 adipocytes were treated with 10 nmol/L FGF-21 for 5 min, followed by treatment with vehicle, 1 nmol/L, or 10 nmol/L insulin for 5 additional min. Insulin-dependent phosphorylation of Erk1/2 (*C*) or Akt (*D*) was measured by Western blotting. Phosphorylated Erk1/2 and Akt were expressed relative to total Erk1/2 and Akt. Means ± SEM are representative of three independent experiments. \*Means at each time point differ from their corresponding controls at *P* \< 0.05. *E*: Differentiated 3T3-L1 adipocytes were treated with 100 nmol/L FGF-21 for 24 h, followed by treatment with vehicle or 100 nmol/L insulin for 2 h before measurement of \[^3^H\]-2-DG uptake over the final 1 h. Means ± SEM are representative of three independent experiments. Means denoted with a different letter (a, b, c, d) differ at *P* \< 0.05.](3721fig6){#F6}

To test for acute effects of FGF-21 on adipocyte insulin sensitivity, 3T3-L1 adipocytes were incubated with FGF-21 for 5 min, followed by 5 additional min with increments of insulin. As reported previously ([@B30]), FGF-21 preincubation increased basal Erk1/2 phosphorylation compared with vehicle and also modestly amplified insulin-dependent Erk1/2 phosphorylation ([Fig. 6*C*](#F6){ref-type="fig"}). The effect of FGF-21 on Erk1/2 activation was subtle but consistent across all insulin concentrations ([Fig. 6*C*](#F6){ref-type="fig"}), confirming the biological activity of the FGF-21 used in these studies. In contrast to Erk1/2, the effect of FGF-21 on Akt phosphorylation was not evident in the absence of insulin, but in cells incubated with 10 nmol/L insulin, Akt phosphorylation was threefold higher in adipocytes preincubated with FGF-21 compared with vehicle ([Fig. 6*D*](#F6){ref-type="fig"}). Overnight incubation with FGF-21 also enhanced basal and insulin-dependent 2-DG uptake in 3T3-L1 adipocytes ([Fig. 6*E*](#F6){ref-type="fig"}), similar to what was seen in isolated adipocytes from MR mice ([Fig. 3*B*](#F3){ref-type="fig"}). Collectively, these findings are consistent with the hypothesis that dietary MR is enhancing insulin sensitivity in nonhepatic tissues in part by inducing the expression and release of the insulin sensitizer, FGF-21, from the liver.

Discussion {#s18}
==========

Selective dietary MR produces a highly integrated series of behavioral, physiological, and biochemical responses that improve biomarkers of metabolic health and increase longevity in rodents ([@B1],[@B3],[@B7]--[@B9],[@B31],[@B32]). In the present work, we provide definitive evidence that dietary MR increases overall insulin sensitivity by threefold and tissue-specific insulin sensitivity in the liver, skeletal muscle, heart, and adipose tissue by two- to threefold. A schematic illustrating the proposed mechanisms through which dietary MR enhances peripheral insulin sensitivity is provided in [Fig. 7](#F7){ref-type="fig"}. We propose that insulin sensitivity is increased in part by increasing hepatic transcription and release of FGF-21, which enhances insulin-dependent signaling and glucose uptake. In addition, the evidence shows that dietary MR increases steady-state levels of PIP3 after IR activation by affecting its degradation but not its synthesis. This occurs because reduced dietary methionine limits the formation of cysteine, an essential precursor of hepatic GSH. The reduction of GSH limits GSH-sensitive degradation of PIP3 by PTEN, which enhances PIP3-dependent activation of Akt ([Fig. 7](#F7){ref-type="fig"}).

![Schematic model of proposed mechanism for increase in insulin sensitivity in adipose tissue and the liver produced by dietary MR. PDK, phosphoinositide-dependent kinase. S denotes sulfur atoms involved in disulfide linkages that establish the secondary structure of the insulin receptor.](3721fig7){#F7}

The uniformity of the enhancement of insulin sensitivity across tissues suggests several potential mechanisms, none of which necessarily excludes the others, because some combination of mechanisms seems quite likely. The overall improvement was not surprising, given the wide-ranging improvements in metabolic status produced by the diet. For example, previous work using indirect calorimetry to evaluate the effects of MR on substrate utilization provided compelling evidence that the MR diet enhanced metabolic flexibility and increased glucose utilization during the fed state ([@B6],[@B7]). Together, these findings raise the central question of how sensing of reduced methionine is translated into an organism-wide improvement in insulin sensitivity.

One attractive hypothesis is that diet-induced changes in lipid metabolism, adiposity, and release of insulin-sensitizing hormones from adipose tissue and the liver produce the improvement. Under this scenario, one could argue that the primary effect of MR is on energy balance and that secondary benefits accrue in large measure from reduced adiposity and associated reductions in circulating and tissue lipids. For example, short-term calorie restriction reduces adiposity and plasma lipids and increases plasma levels of the insulin-sensitizing hormone, adiponectin, by twofold ([@B7]). In long-term studies with ad libitum and pair-fed control rats ([@B11]), the MR diet produced a twofold greater reduction in adiposity and an increase in adiponectin than found in the pair-fed controls but a fourfold greater reduction in fasting insulin. These findings support the view that reductions in adiposity resulting from MR contribute to improved insulin sensitivity but also suggest that MR produces additional improvements not explained solely by its effects on energy balance. Although adiponectin is a potential mediator of the effects of MR on insulin sensitivity, studies with adiponectin-null mice indicate that adiponectin is not essential to the decrease in adiposity or to the increase in glucose tolerance produced by the diet (authors' unpublished results). However, a limitation of these studies is that the diet-induced reduction in adiposity may have obscured the contribution of adiponectin to the response.

The rapid and persistent increase in MR-dependent hepatic transcription and release of FGF-21 ([Fig. 6*A* and *B*](#F6){ref-type="fig"}) suggests an additional mechanism through which MR may be acting to increase insulin sensitivity in peripheral tissues. Recent studies make a compelling case that FGF-21 is a powerful metabolic regulator in the context of glucose and lipid homeostasis, producing a wide range of beneficial metabolic changes ([@B14],[@B30],[@B33]--[@B37]). These biological responses were cataloged in studies where FGF-21 was infused at high doses or increased via transgenes. Therefore, it is unclear whether the normal 1.5- to twofold induction of FGF-21 produced by fasting or ketogenic diets ([@B38],[@B39]) is sufficient to elicit the metabolic responses observed in pharmacological interventions ([@B40]). Our findings show that dietary MR produces a persistent increase in plasma FGF-21 to nearly 5 ng/mL ([Fig. 6*A*](#F6){ref-type="fig"}), which is a fourfold induction and two- to threefold higher than increases produced by fasting and ketogenic diets ([@B39]). Moreover, many---if not most---of the metabolic, transcriptional, and signaling effects attributed to FGF-21 are fully reproduced by dietary MR ([@B7],[@B8],[@B12]). For example, FGF-21 directly affects adiponectin secretion from adipocytes ([@B15]), increases lipogenic gene expression in WAT ([@B33]), promotes browning of WAT ([@B41]), and increases thermogenic gene expression in BAT and WAT ([@B41]). Dietary MR produces significant browning of WAT ([@B7],[@B8]), and given the increased glucose uptake and utilization associated with browning ([@B42]), it is attractive to suggest that MR is functioning through this mechanism to increase insulin sensitivity in WAT.

FGF-21 also acts centrally to regulate metabolism and increase energy expenditure ([@B34],[@B36]). We have shown that dietary MR increases core temperature, energy expenditure, and thermogenic function of BAT and WAT through increases in sympathetic nervous system (SNS) stimulation of adipose tissue ([@B6],[@B7]). That the thermogenic response of adipose tissue to cold exposure involves an SNS-dependent increase in glucose uptake, lipogenesis, and β-oxidation is well established ([@B43],[@B44]). Therefore, it seems plausible that MR, through a combination of SNS- and FGF-21-dependent mechanisms, is affecting the observed increases in basal and insulin changes in adipose tissue through a combination of direct and central nervous system--dependent mechanisms. Alternatively, the browning of WAT and associated increase in glucose uptake could be primarily the result of MR-dependent SNS stimulation and not dependent on FGF-21. However, the direct enhancement of insulin-dependent Akt activation by FGF-21 ([Fig. 6*D*](#F6){ref-type="fig"}) suggests a contributing role of FGF-21. Future experiments with FGF-21--null mice will be important in assessing the importance of FGF-21 as a mediator of MR's biological effects on energy balance and insulin sensitivity.

The rapid increase in hepatic FGF-21 after initiation of dietary MR ([Fig. 6*B*](#F6){ref-type="fig"}) supports the view that the liver is a key initial site for sensing and responding to dietary MR. Our in vitro recapitulation of enhanced insulin signaling in MR HepG2 cells further supports this view and provides compelling evidence that the methionine-sensitive step is mechanistically linked to the amplification of insulin signaling. The cell-autonomous nature of the response suggests two potential mechanisms. The first involves the protein kinase, general control of nonderepressible 2 (GCN2), which phosphorylates eukaryotic initiation factor 2α (eIF2α) when activated by insufficient transfer RNA charging by essential amino acids. The phosphorylation of eIF2α triggers a cascade of signaling events and transcriptional responses collectively referred to as the amino acid response ([@B16]). Although there is suggestive evidence that GCN2 activation by MR is linked to transcriptional repression of lipogenic genes ([@B45]), there is no indication that GCN2 activation enhances insulin signaling.

The second potential mechanism involves the reduction of hepatic GSH produced by dietary MR ([@B29]) and restriction of media methionine concentrations in HepG2 cells ([Fig. 5*A*](#F5){ref-type="fig"}). Insulin-dependent activation of NADPH oxidases produces an acute increase in intracellular H~2~O~2~ that temporarily inactivates protein tyrosine phosphatases, including PTEN, by oxidizing the cysteine in their active site ([@B24]--[@B27]). PTEN and other protein tyrosine phosphatases are reactivated by reducing the oxidized cysteine in the active site, and this reactivation step is catalyzed by GSH-dependent peroxidases ([@B22]--[@B24]). We have shown that PTEN is more fully converted to its oxidized form by H~2~O~2~ in HepG2 cells after MR ([Fig. 5*B*](#F5){ref-type="fig"}) and that insulin-dependent phosphorylation of Akt is amplified under these conditions ([Fig. 5*C*](#F5){ref-type="fig"}). PTEN dephosphorylates PIP3 formed by PI3K, so a more prolonged inactivation of PTEN by MR should result in higher PIP3 and Akt phosphorylation. This is precisely what is observed in vivo ([Fig. 2*A* and *D*](#F2){ref-type="fig"}) and in vitro ([Fig. 5*D*](#F5){ref-type="fig"}). Therefore, we hypothesize that dietary MR amplifies insulin-dependent Akt phosphorylation in the liver by reducing GSH synthesis and limiting the rate of GSH-dependent reactivation of PTEN. For a given concentration of insulin, this results in higher PIP3 levels and greater Akt phosphorylation. Collectively, our findings provide a potential mechanism for the diet-induced increase in insulin sensitivity among tissues that involves a direct effect of methionine in the liver to amplify insulin signaling and an indirect effect in adipose, and perhaps other tissues, through MR-dependent increases in hepatic release of the insulin sensitizer, FGF-21, into the circulation.
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